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EDITORIAL REVIEW
Sites of enzyme activity along the nephron
Renal tubular functions can be characterized as
energy-consuming transport processes which are
driven by metabolic energy-yielding reactions. In this
context it has been argued that sodium transport is
the major work function in mammalian kidney. Ull-
rich, Rumrich and Klöss have shown recently that in
the absence of intraluminal sodium the transport of
amino acids and hexoses approaches zero [1, 2].
Frömter, Rumrich and Ullrich have calculated that
one-third of the net transepithelial sodium flux is
transported actively [3]. At least 80% of this active
transport depends on adenosine triphosphate (ATP)
[4]. Thus, knowledge of the intrarenal localization
of metabolic pathways providing ATP would give
more insight into the linkage between metabolism
and transport processes.
Fatty acids, ketone bodies, intermediates of the
citric acid cycle, amino acids, lactate and glycerol are
known to contribute to the energy supply of the
kidney of various mammals including man (for re-
view see [5]). However, the physiological significance
of the measured uptake rates of these substrates for
renal function is only partially known at present.
Metabolism of renal cortex is characterized by
fatty acid oxidation and gluconeogenesis [6]. In con-
trast, renal medulla reveals a rapid rate of aerobic
and anaerobic glucose metabolism and probably de-
pends on glucose as a respiratory fuel [7,8]. However,
it is not clear whether glucose metabolism provides
significant amounts of energy in the whole kidney.
Some authors state that glucose oxidation may be
neglected whereas others have found that glucose
supplied up to 30% of the respiratory fuel [5, 9].
These conflicting results may be explained by the
different methods: Almost all measurements of meta-
bolic fluxes were made with the whole organ or in
tissue slices of the various zones—i.e., cortex, outer
and inner medulla. Since each zone is a mixture of
different cell types, no information about the meta-
bolic pattern along the nephron is available from
these studies. This led us to investigate renal metabo-
lism in well-defined structures of the nephron.
The purpose of this review is to summarize some
results obtained by the determination of enzymes of
carbohydrate and energy metabolism in single por-
tions of the rat nephron, and to discuss their possible
relationships to renal transport processes. It should
be kept in mind, however, that the data obtained with
these methods can be interpreted only with some
limitations. Enzyme activities measured in vitro can-
not be compared with metabolic fluxes through the
respective pathway in v/vU, since regulatory mecha-
nism-like substrate and cofactor concentrations, al-
losteric regulation and other microenvironmental
factors are not considered. The measured activities
can, however, be used to calculate roughly the max-
imal metabolic capacities of the respective step.
Moreover, it has been shown repeatedly that the typi-
cal pattern of enzymes in various tissues correlates
with metabolic capacities of that tissue [10, 11]. En-
zymes which catalyze irreversible steps are best suited
to characterize the distribution of glycolysis, pentose
phosphate pathway, gluconeogenesis and citric acid
cycle activity (Fig. 1). For comparison, bidirectional
enzymes which serve to catalyze more than one met-
abolic pathway were also included.
Methods
The determination of enzymes in single structures
was made possible through the microdissection tech-
nique developed by Lowry and Passonneau [13]. The
identification of renal structures was done by com-
parison of the dissected cells with a parallel stained
section [14]. After weighing the freeze-dried struc-
tures on a glass fiber balance [13, 14], the enzymes
were determined by microanalytical techniques in-
cluding enzymatic cycling, fluorometry and radio-
chemical methods. The references for the methods
used are given for each enzyme in the legends to Fig.
1. With the exception of fumarase and succinate de-
hydrogenase which were determined by Höhmann et
al in rabbit kidney [12], all enzymes were measured in
rats.
Glucose metabolism
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Investigators working with kidney slices or with
the isolated perfused kidney have shown that this
organ takes up little glucose (8.3 moles/l00 g of wet
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Fig. I. Pathways of cytoplasmic and mitochondrial carbohydrate metabolism. The simplified scheme represents the major pathways of glu-
cose degradation, gluconeogenesis and mitochondrial substrate shuttles (given as arrows with dotted lines), which connect mitochondrial with
extramitochondrial metabolism. Only those enzymatic steps are given in rectangles which are discussed in the present paper. The references
for the determination of the enzymes are given in brackets. Abbreviations: A. Substrates and metabolites: G-6-P, glucose-6-phosphate; 6-P-G,
6-phosphogluconate; F-6-P, fructose-6-phosphate; F-l,6-DP, fructose-l,6-diphosphate; GA-3-P, glyceraldehyde-3-phosphate; DAP, di-
hydroxyacetonephosphate; l,3-DPG, l,3-diphosphoglyeerate; 3-PG, 3-phosphoglycerate; 2-PG,2-phosphoglycerate; PEP,
phosphoenolpyruvate; Pyr, pyruvate; Lac, lactate; OxAc, oxaloacetate; Mal, malate; Asp, aspartate; Glu, glutamate; a-KG, a-ketoglutarate;
Citr, citrate; GIuNH2, glutamine; AcCoA, acetyl-coenzyme A; lsocitr, isocitrate; Suce, suecinate; Fum, fumarate. B. Enzymes: HK,
hexokinase (EC 2.7.1.1.) [16]; G6Pase, glucose-6-phosphatase (EC 3.1.3.9.) [17]; G6PDH, glucose-6-phosphate dehydrogenase (EC 1.1.1.49)
[14]; GAPDH, glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) [18]; PK, pyruvate kinase (EC 2.7.1.40) [19]. LDH, lactate
dehydrogenase (1.1.1.27) [14]; PEPCK, phosphoenopyruvate carboxykinase (4.1.1.32) [20]. MDH0 and MDHm, malate dehydrogenase,
cytoplasmic and mitochondrial (1.1.1.37) [14]; GOTC and GOTm, glutamate oxaloacetate transaminase (cytoplasmic and mitochondrial
(2.6.1.1) = aspartate aminotransferase; PDH, pyruvate dehydrogenase (1.2.4.1) [21]; FUM, fumarase (4.2.1.2) [12]; SDH, succinate
dehydrogenase (1.3.99.1) [12]; ICDH and ICDHm, isocitrate dehydrogenase, cytoplasmic and mitochondrial (1.1.1.47) [14]; GLDH,
glutamate dehydrogenase (1.4.1.3) [14]; PDG, phosphate dependent glutaminase (3.5.1.2.) [22].
wt/min = 20 to 25 tmoles/g of dry wt/hr in cortex
slices [23] and 65 to 132 tmoles/g of dry wt/hr in the
isolated perfused kidney from fed rats [9, 24]. Be-
concluded that glucose oxidation does not provide
much of the total energy required for renal work.
Recent studies on the isolated perfused kidney, how-
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cause of this low rate of glucose utilization, it was ever, support the view that glucose metabolism may
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Fig. 2. Enzymes of glycolysis and citric acid cycle along the nephron. Enzyme activities (abbreviations are given in the legends to Fig. 1) were
measured in microdissected renal structures from fed rats with the exception of FUM and SDH, which were determined in rabbit kidney by
Hoehmann et al [12]. HK, G6PDH, LDI-1, MDH, GLDH and ICDH were not determined in the collecting duct. FIJM was measured only in
the proximal tubule and the glomerulus.
play a critical role in renal transport functions. In
their studies Ross, Epstein and Leaf [9] and Trimble
and Bowman [25] demonstrated that endogenous
substrates and added free fatty acids supported 24.7
and 34.7% of sodium reabsorption, whereas glucose
elevated sodium reabsorption to 97.1% of the filtered
load and supported 75.2% of sodium transport when
added as the only substrate.
Enzymes of glycolysis
Figure 2 shows the distribution of enzymes catalyz-
ing reactions of anaerobic and aerobic glucose
metabolism along the nephron. Hexokinase (HK),
the first enzymatic step of glucose metabolism in
mammalian cells, seems adequate to characterize the
distribution of glucose metabolism since it catalyzes
an irreversible reaction which supplies the cytoplasm
with metabolizable glucose-6-phosphate. The lowest
activity was determined in the proximal convolution
whereas the thick ascending limb of Henle's loop
revealed activities which were 15 times that of the
proximal tubule [IS, 161.1 In our assay hexokinase
activity in total kidney homogenate was 25 imoIes/g
of dry wt/min which exceeds the measured rates of
glucose metabolism [9, 23, 241.2
Pyruvate kinase (PK), an enzyme catalyzing an-
other irreversible step in the glycolytic pathway, re-
'The present results were recently established by authors who
also used the microdissection method [74].
2Recently we measured phosphofructokinase (ATP: n-fructose
6-phosphate l-phosphotransferase, EC 2.7.1.11) in various
structures of the rat nephron. This enzyme is identified as the
locus for the Pasteur effect based on the studies of the prop-
erties of this enzyme from a number of tissues. Our results de-
monstrated that in the segments of the proximal and distal
tubule phosphofructokinase revealed an activity value of an
order of magnitude which is similar to hexokinase (Fig. 2)
[19, 45].
vealed a distribution pattern along the nephron
which was comparable with that of hexokinase (Fig.
2). The parallelism between pyruvate kinase and hex-
okinase in the various renal structures, including the
glomerulus, indicates their close functional relation-
ship. The highest activity of pyruvate kinase, which
was 50 times the activity of the proximal convolution,
was found in the collecting duct.
Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and lactate dehydrogenase (LDH) which
have previously been used as marker enzymes for
glycolysis [10] demonstrated a distribution pattern
which was quite inverse to thai of hexokinase and
pyruvate kinase. G lyceraldehyde-3-phosphate dehy-
drogenase activities decreased from the proximal to
the distal convoluted tubule. Lactate dehydrogenase
also decreased from the proximal convoluted to the
proximal straight tubule and increased along the dis-
tal tubule.
The decrease of both enzymes along the proximal
tubule parallels that of the gluconeogenic key enzyme
phosphoenolpyruvate carboxykinase (PEPCK) (Fig.
3), indicating their participation in gluconeogenesis.
In the course of the distal tubule and in the gb-
merulus, glyceraldehyde-3-phosphate dehydrogenase
and lactate dehydrogenase reveal a constant propor-
tion to pyruvate kinase. With regard to glyceralde-
hyde-3-phosphate dehydrogenase, this proportion
was also found in the collecting duct where the
highest activity was detected.
The distribution pattern of glyceraldehyde-3-phos-
phate dehydrogenase and lactate dehydrogenase
along the nephron is in accordance with the dual
function of these enzymes. Both are involved in gly-
colysis and gluconeogenesis. Therefore, neither of
these dehydrogenases should be taken to be marker
enzymes for evaluating glycolytic or gluconeogenic
capacity.
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Fig. 3. Enzymes of gluconeogenesis, ammoniagenesis and citric acid cycle along the nephron. Alt enzymes were measured in isolated structures
of fed rats with the exception of FUM and SDH, which were determined in rabbit kidney by Hoehmann et al [12]. PDG activities were taken
from a paper of Curthoys and Lowry [22], who give no values for the collecting duct. PEPCK activity was negligible in the glomerulus, the
thick ascending limb of Henle's loop and the collecting duct, but was not determined in distal convolutions.
Possible relationships between glycolysis and transport
processes
Glucose transport. It has been shown that glucose is
almost entirely reabsorbed in the proximal tubule
[26]. Its transport rate was calculated to be 35
pmoles/mm/min within the proximal convolution
[27] whereas hexokinase activity calculated from the
present study is only 2 pmoles/mm/min. Thus, hex-
okinase activity is too low to account for the high
transport rate of glucose. From the enzymatic data
we conclude that only 5% of glucose entering the cell
could be phosphorylated in the proximal convolu-
tion. This calculation indicates a sharp separation
between metabolism and transport rate of glucose
within the proximal tubule as suggested previously
by others [5]. Consideration of hexokinase and py-
ruvate kinase in the various structures of the distal
tubule leads to the conclusion that these structures
have a relatively high glycolytic capacity.3
Sodium reabsorption. Cohen and Barac-Nieto [5]
have calculated that glycolysis adds only 4% of the
renal AlP produced under aerobic conditions. Based
on a hexokinase activity in the proximal convolution
of 0.48 moles/kg of dry wt/hr, a phosphorylation
rate for glucose of 0.05 pmoles of glucose-6-phos-
phate formed/mm/sec could be calculated. If I mole
of glucose provides 2 moles of ATP anaerobically, 0.1
aRecently we showed that the proximal convoluted tubule with a
very low glycolytic capacity under normal circumstances is ca-
pable of increasing phosphofructokinase and pyruvate kinase
activity five to eight times within a few minutes when the oxida-
tive phosphorylation is reduced, i.e., during the oliguric phase of
an experimental acute renal failure [191. This indicates that the
proximal convoluted tubule, which is normally a site of oxidative
metabolism, can switch to anaerobic substrate degradation.
pmoles of ATP/mm/sec can be produced by gly-
colysis in the proximal convolution. If 1 mole of ATP
is needed for the transport of 3 to 5 equivalents of
sodium (for review see [5] and [28]), glycolysis can
theoretically provide about only 20% of the ATP for
maintaining active sodium transport (1.1 pmoles of
sodium/mm/sec in the proximal convolution [3]). In
this context it is interesting that the enzymatic equiv-
alent of the sodium pump, the sodium-potassium-
activated ATPase (Na-K-ATPase), reveals an activity
of 0.2 pmoles of ATP degraded/mm/sec in the same
tubular structure (calculated on the basis of an
ATPase activity of 2 moles of ATP/kg of dry wt/hr
[Fig. 4] in the proximal convolution). The activity of
the ATPase which we measured, and which is lower
than that found by others [29, 30], can account for
the utilization of most of the ATP needed for active
sodium transport. As pointed out above, glycolysis
was thought recently to be specifically linked to so-
dium transport in kidney [9, 25], but obviously can-
not account for all the energy requirements of this
process.
The relatively high glycolytic capacity in the distal
tubule indicates that glucose may be an important
energy-supplying substrate for maintaining its func-
tion.
Enzymes of the citric acid cycle
The rate of flux through the reactions of the citric
acid cycle ultimately determines the rate of oxidation
of acetyl CoA residues derived from carbohydrates
and fatty acids (Fig. 1). It adjusts the rate of
oxidation of each substrate to the availability of the
others. When fatty acids or glucose or both are pres-
ent, fatty acids are consumed in preference to glucose
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Fig. 4. Effect of aldosterone on sodium-potassium A TPase activity
in tubular structures from adrenalectomized rats. Na-K-ATPase
was measured in single portions of 5 to 15 ng dry weight, micro-
dissected from lyophilized tissue slices, using the oil-well technique
[73]. The inorganic phosphate liberated was determined with an
enzymatic cycling system [73]. LI, Normal animals treated with
cycloheximide (proximal and distal convolutions) or actinomycin
D (thick ascending limb of Henle's Loop) and spirolactone
two hours before death. , Adrenalectoniized rats. •,
Adrenalectomized rats 60 mm after a single dose of 5 sg of aldoste-
rone/animal. Adrenalectomized rats treated as group 1 and 3
(aldosterone + inhibitors).
[5, 6]. The reactions of the citric acid cycle are used in
part to shuttle intra- and extramitochondrial sub-
strates. Moreover, gluconeogenesis uses some of the
reactions of the citric acid cycle (Fig. 1).
Succinate dehydrogenase (SDH) catalyzing a reac-
tion of the citric acid cycle was determined in various
structures of the rabbit nephron by Hdhmann et al
[12]. If the highest activity found in the thick ascend-
ing limb of Henle's loop is considered to be 100%, the
proximal convolution contains 80%; the straight por-
tion of the proximal tubule, 69%; and the distal con-
volution, 43% of this value. Activities in the gb-
merulus and collecting ducts were 14 and 19%,
respectively (Fig. 2). Thus, succinate dehydrogenase
activities in the various portions of the nephron seem
to correlate with the calculated number of mitochon-
dna per cell [31].
As expected, the NADP-dependent isocitrate dehy-
drogenase (ICDI-I) reveals a constant proportion to
succinate dehydrogenase in the various tubular struc-
tures confirming that this enzyme is functionally re-
lated to the citric acid cycle (Fig. 2).
Fumarase(FUM), a reversible enzyme of the citric
acid cycle, was only measured in the proximal tubule
[12] and the glomerulus, where it was found to be
equally distributed over all structures measured.
Malate dehydrogenase (MDH) activities correlate
well with succinate dehydrogenase and isocitrate de-
hydrogenase along the proximal tubule. In the vari-
ous structures of the distal tubule, MDH exhibits a
constant proportion to lactate dehydrogenase rather
than to isocitrate dehydrogenase (Fig. 2). This can at
the moment not be interpreted, since the methods
used do not differentiate between the intra- and extra-
mitochondrial isoenzymes (Fig. 1).
The relationship between the citric acid cycle en-
zymes and the glycolytic capacity along the nephron
reveals that, in the gbomerulus and in the collecting
duct, oxidative metabolism plays a negligible role.
In the proximal straight portion and in the distal
convolution, the activity of citric acid cycle enzymes
is relatively low in comparison with the glycolytic
enzymes. They predominate, however, in the prox-
imal convolutions. Compared with the glycolytic
enzymes, the citric acid cycle is also relatively high in
the thick ascending limb of Henle's loop. This sug-
gests that oxidative metabolism is the major energy-
supplying mechanism in this part of the nephron
under normal circumstances. Glucose could be a ma-
jor source of acetyl residues, since pyruvate dehy-
drogenase, which connects glycolysis with the citric
acid cycle, has also been found to be most active in
the outer medulla [32]. The same conclusion may be
drawn when the activity of a typical enzyme of gly-
colysis is compared with a typical representative of
the citric acid cycle. Thus, the ratio of hexokinase to
succinate dehydrogenase activity is 0.8 in the pro-
ximal convolution, 10 in the thick ascending limb of
Henle's loop and increases to 25 in the distal con-
volution. In this context it should be emphasized that
a rather high fatty acid oxidation was found in the
outer medulla where the thick ascending limbs pre-
dominate [8, 33]. Thus, the distal tubule, or at least
the thick ascending limb, appears to have the capac-
ity to oxidize either glucose or fatty acid carbon.
Enzyme of the hexose monophosphate shunt
Glucose oxidation via the hexose monophosphate-
shunt accounts for only 5% of the glucose utilized in
rat kidney [5, 34]. In accordance with this calcula-
tion, we found a relatively low activity of glucose-
6-phosphate dehydrogenase (G-6-PDH) in the various
structures of rat nephron, including the gbomerulus.
As shown in Fig. 2, the highest activity was obtained
in the distal convolution and in the thick ascend-
ing limb of Henle's loop followed by the proximal
straight portion and the proximal convolution, the
latter containing the lowest activity.
So far no specific role of the hexose monophos-
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phate shunt in the kidney has been found which
could be related to tubular work. It has been sug-
gested that the hexose monophosphate pathway is
involved in the regulation of acid-base metabolism,
since glucose-6-phosphate dehydrogenase is in-
creased in acidosis [35]. Furthermore, the hexose
monophosphate pathway can generate NADPH for
lipid synthesis and riboses for nucleic acid synthesis
[36]. In this context it is of interest that the increase of
glucose-6-phosphate dehydrogenase in folate-in-
duced renal hypertrophy coincides with the maximal
rate of protein synthesis [37].
Finally, a direct correlation between changes of
glucose-6-phosphate dehydrogenase activity in the
macula densa and renal renin activity indicates that
the hexose monophosphate shunt may be connected
with the regulation of sodium balance [38]. It must be
mentioned, however, that glucose-6-phosphate dehy-
drogenase in the cited study was determined with a
technique used in qualitative histochemistry.
Enzymes of gluconeogenesis
In contrast to the negligible glucose uptake rate in
vivo, there is a significant glucose production in renal
tissue, which can amount to 278 moles/g of pro-
tein/hr when 2.5 m lactate is added to isolated rat
kidney cortex tubules [39]. Nevertheless, the func-
tional role of this remarkable gluconeogenic rate is
unclear. There is no evidence that gluconeogenesis
plays a significant role in the maintainance of blood
glucose concentration under normal conditions, al-
though it has been calculated that the human kidney
can provide more than 40% of blood glucose after
prolonged starvation [40]. Metabolic acidosis did not
have a detectable effect on net glucose release of the
whole rat kidney in situ [41]. This may be caused by
the fact that glucose is formed by renal cortex exclu-
sively [42], whereas the medullary parts of the neph-
ron take up glucose, resulting in the observed negli-
gible in vivo rates of glucose uptake and formation,
respectively.
An important, and probably rate-limiting, step in
the gluconeogenic pathway is phosphoenolpyruvate
carboxykinase (PEPCK) which catalyzes the forma-
tion of phosphoenolpyruvate from oxaloacetate. This
enzyme is involved in gluconeogenesis from lactate,
pyruvate, citrate, prolin and glutamine (Fig. 1) [42,
43]. A close correlation has been found between
changes in phosphoenolpyruvate carboxykinase activ-
ity and the rates of glucose formation under various
conditions (for review see [5, 11]). Thus, increased
gluconeogenesis is associated with an increase in
phosphoenolpyruvate carboxykinase activity in aci-
dosis [44]. This enzyme is also increased in parallel
with gluconeogenic capacity in starvation and diabe-
tes mellitus as well as after glucocorticoid and thyroid
hormone treatment (for review see [11]).
The phosphoenolpyruvate carboxykinase determi-
nation in defined structures of the rat nephron
showed that only the proximal tubule contains appre-
ciable amounts of activity whereas the thick ascend-
ing limb of Henle's loop lacks any significant activity
(Fig, 3) [20].
In tubular structures from the kidney of starved
rats, the proximal convolution contained twice the
activity of the straight portion of the proximal tubule.
Rats which were fed with ammonium chloride for
two days in order to produce metabolic acidosis ex-
hibited a fourfold increase in renal phosphoenolpyru-
vate carboxykinase activity which was, however, re-
stricted to the proximal tubule [17, 45]. It seems,
therefore, that the distal tubule is not involved in
renal gluconeogenesis. Höhmann and Schärer [46],
however, showed that isolated structures of the distal
tubule from rabbit kidney produce glucose from lac-
tate and pyruvate, the rate exceeding that of the
proximal convolution. At present we have no expla-
nation for these conflicting results. In the present
study phosphoenolpyruvate carboxykinase was not
measured in the distal convoluted tubule; never-
theless, all other enzymes which we have studied
showed that there is no qualitative difference between
the thick ascending limb of Henle's loop and the
distal convolution.
Glucose-6-phosphatase (G-6-Pase) may be viewed
as the last step in the gluconeogenic pathway. This
enzyme occupies a sensitive, key regulatory position
in hepatic and renal carbohydrate metabolism of ver-
tebrates and invertebrates and is now recognized to
catalyze potent hydrolase and transferase reactions
involving a variety of phosphate compounds as sub-
strates [49]. Bonting et al and McCann [47, 48] found
that glucose-6-phosphatase was evenly distributed
over the proximal and distal tubule of man and dog.
Both investigators used the microdissection tech-
nique and measured inorganic phosphate as the prod-
uct of the enzyme reaction. The significant glucose-6-
phosphatase activity in the distal part of the nephron
is not consistent with the distribution of phosphoenol-
pyruvate carboxykinase along the nephron. There-
fore, we reinvestigated the intrarenal localization
of glucose-6-phosphatase and developed an ultra-
micromethod which enabled us to measure this
enzyme in one tubular segment of a few nanograms'
dry wt [17]; we measured the disappearance of glu-
cose-6-phosphate as reference for glucose-6-phospha-
tase activity. As shown in Fig. 3, glucose-6-phospha-
tase activity was found to be present in the various
structures of the distal tubule, including the collect-
ing duct. Moreover, the activity was even higher
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in the distal tubule than in the proximal, and the
distribution of this enzyme along the nephron was
quite inverse to that of phosphoenolpyruvate car-
boxykinase. It roughly parallels the distribution of
hexokinase and pyruvate kinase, showing the highest
activity value in the collecting duct (Fig. 3). Ad-
ditional stoichiometrical studies about the validity
of the usual glucose-6-phosphatase methods brought
us to the conclusion that at least in the distal tubule
we measured phosphohexoseisomerase rather than
glucose-6-phosphatase; homogenate of renal medulla
revealed that fructose-6-phosphate was formed in-
stead of glucose as we expected in our assay con-
ditions.
A functional relationship between glucose-6-
phosphatase activity and glycogen metabolism is
well-known from van Gierke's disease, in which the
absence of glucose-6-phosphatase in kidney results in
an excess of glycogen in the cells of the proximal
tubules [50]. This observation would indicate a pref-
erential localization of glucose-6-phosphatase in the
proximal tubule and sheds some doubt on the present
results and those of earlier investigators [47,48]. Also
in accordance with a proximal localization of glu-
cose-6-phosphatase was our own observation, that
starvation increases this enzyme only in the proximal
convoluted tubule without any effect in distal activi-
ties.
In the study of Hóhmann and Schärer [46], star-
vation, which augments renal glucose production and
phosphoenolpyruvate carboxykinase activity, had no
effect on glucose formation in the distal tubule. A
similar unresponsiveness of gluconeogenic enzymes
in the distal tubule to metabolic acidosis was de-
scribed by Curthoys and Lowry [22] in their study on
the distribution of phosphate-dependent glutaminase
(PDG). This enzyme is thought to be involved in
renal gluconeogenesis from glutamine and reveals the
highest activity in the distal convolution. Ammonium
chloride-induced acidosis in the rat demonstrated,
however, that the increase of the glutaminase is re-
stricted to the proximal convolution.
All these results support the conclusion that the
proximal tubule is the main site of renal gluconeo-
genesis and is the region in which gluconeogenesis
is metabolically adapted to starvation and metabolic
acidosis.
Enzymes of ammoniagenesis
Renal synthesis and excretion of ammonia is essen-
tial for the maintainance of acid-base balance [51],
the amide and amine nitrogen of glutamine being the
major precursors of endogenous renal ammonia pro-
duction. The glutaminase reaction is considered to be
the major glutamine-utilizing pathway in the kidney
[52]. Of two glutaminase isoenzymes, one phosphate-
dependent and the other phosphate-independent [53],
only the phosphate-dependent glutaminase (PDG)
seems to be involved with ammoniagenesis from
glutamine because it is the only one which increases
in response to acidosis [22]. Curthoys and Lowry [22]
found a 20-fold increase of PDG after feeding rats
with ammonium chloride for seven days, an effect
which was limited to the proximal convolution. How-
ever, the essential role of glutaminase in ammonia
production has been questioned [53, 54], and the
mechanism which is responsible for the increased
ammoniagenesis during metabolic acidosis is still
unexplained.
Under basal conditions phosphate-dependent glu-
taminase in the thick ascending limb of Henle and
in the distal convolution is high, decreasing from
the proximal convolution to the proximal straight
portion and to the glomerulus [22] (Fig. 3). The
phosphate-independent glutaminase is high only in
the proximal straight portion (not shown in Fig. 3).
Phosphate-dependent glutaminase reveals a con-
stant proportion to phosphoenolpyruvate carboxyki-
nase along the proximal tubule which highlights the
relationship between ammoniagenesis and gluco-
neogenesis [57]. This relationship was maintained
when the activity of these enzymes increased after
two days' acidosis. In the proximal convolution,
phosphoenolpyruvate carboxykinase and phosphate-
dependent glutaminase showed a three- to four-fold
increase [22, 45]. In the straight proximal tubule,
however, only phosphoenolpyruvate carboxykinase
was elevated [45]. Glutamine is deaminated to gluta-
mate which is then oxidatively deaminated by gluta-
mate dehydrogenase (GLDH). Glutamate has an in-
hibitory effect on phosphate-dependent glutaminase
[58] and increases after glutamine loading of the kid-
ney. Thus, glutamate dehydrogenase is thought to be
one of the rate-limiting reactions controlling renal
glutamine metabolism [59].
As shown in Fig. 3, the highest activity of GLDH
was measured in the proximal convolution, and
showed a continuous decrease in activity towards the
distal convolution. The distribution pattern of
GLDH in the rat nephron corresponds with that in
the rabbit nephron described by H6hmann et al
[12]. in the proximal convolution, glutamate dehy-
drogenase parallels phosphoenolpyruvate carboxy-
kinase activity.4
4However, in contrast to phosphoenolpyruvate carboxykinase [171
and phosphate-dependent glutaminase [56], glutamate dehy-
drogenase did not increase in the proximal convoluted tubule of
rat kidney after starvation and chronic acidosis.
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Enzyme of sodium transport
Sodium- and potassium-activated adenosine tn-
phosphatase (Na-K-ATPase) is believed to play an
essential role in the active transport of cations across
cell membranes [60]. In spite of numerous studies on
the catalytic mechanism of this enzyme, the role of
ions in the catalytic function is still unclear.
Phosphorylation of the enzyme by ATP requires so-
dium whereas the dephosphorylation is stimulated by
potassium [60]. Sodium-potassium ATPase reveals a
high activity in renal tissue which suggests that it may
play an important role in sodium reabsorption also in
this organ [6 1-67]. When the enzyme was measured in
microdissected structures, the various portions of the
distal tubule revealed a five to eight times higher
sodium-potassium ATPase activity than the proximal
convolution [64]. The distribution pattern of this en-
zyme along the nephron is thus inverse to the profile
of fluid reabsorption, the bulk of glomerular filtrate
being reabsorbed in the proximal convolution where
ATPase is lowest. The discrepancy between the rate
of sodium reabsorption and sodium-potassium AT-
Pase in the proximal convolution may be due to the
nature of the reabsorptive mechanism which is only
partially ATPase-dependent [68, 69]. Furthermore, it
could be speculated that in the proximal tubule less
energy is necessary for the transport of 1 mole of
sodium than in the distal tubule.
The fact that sodium-potassium ATPase is local-
ized in the basal infoldings of the tubular epithelia
[66, 67] points to a morphologic correlate of its distri-
bution pattern along the nephron [67]. The activity
value corresponds well with the amount of basal in-
foldings per cell surface in the epithelia of the various
portions along the rat nephron [31, 68].
In contrast to other investigators who studied the
enzyme in isolated membrane fractions of renal tissue
[63, 70], we were able to show on microdissected,
single tubular portions that changes in sodium-potas-
sium ATPase activity temporally coincide with
changes in renal transport rates [71]. Thus, Na-K-
ATPase was depressed 80% below its normal activity
in the distal tubule six hours after adrenalectomy just
when natriuresis started [72]. Administration of a
small dose of aldosterone (5 ig/l00 g of rat) to
animals which had been adrenalectomized ten days
before led to a complete restoration of the activity in
the proximal and distal convolution including the
thick ascending limb [73] (see Fig. 4). This effect
occurred within one hour of hormone application
and could be completely inhibited by actinomycin D
and cycloheximide (Fig. 4)5 Thus, Na-K-ATPase
seems to be regulated by aldosterone. The present
results confirm the involvement of sodium-potassium
ATPase in the reabsorptive process of sodium in the
tubular epithelia.
Final conclusions and summary
It has been shown that the various portions of the
nephron reveal a characteristic pattern of enzymes
which allows one to make a clear functional differen-
tiation between their roles.
a. The glycolytic capacity is highest in the distal
structures of the nephron. The proximal activities
are not sufficient to provide enough ATP for
maintaining active transport processes in these
structures.
b. Gluconeogenesis is restricted to the proximal tu-
bule. It decreases from the convoluted to the
straight portion and is increased in starvation and
metabolic acidosis,
c. Glucose-6-phosphatase distribution does not
coincide with the distribution of gluconeogenesis.
This may indicate an additional role of this en-
zyme in renal metabolism, but inappropriateness
of the test system used must also be considered.
d. On the basis of its dual function, glyceraldehyde-
3-P-dehydrogenase seems not to be a suitable
marker for evaluating glycolytic capacity. The
same is true for lactate dehydrogenase.
e. The activity of sodium-potassium ATPase corre-
lates with sodium reabsorption under various con-
ditions and seems to be regulated by aldosterone.
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